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Indium tin oxide thin films grown on flexible plastic substrates
by pulsed-laser deposition for organic light-emitting diodes

H. Kim,a) J. S. Horwitz, G. P. Kushto, Z. H. Kafafi,b) and D. B. Chrisey
Naval Research Laboratory, 4555 Overlook Avenue, SW, Washington, DC 20375

~Received 1 March 2001; accepted for publication 15 May 2001!

Transparent conducting indium tin oxide~ITO! thin films were grown by pulsed laser deposition
~PLD! on flexible polyethylene terephthalate~PET! substrates. The structural, electrical, and optical
properties of these films were investigated as a function of substrate deposition temperature and
background gas pressure. ITO films~200 nm thick!, deposited by PLD on PET at 25 °C and 45
mTorr of oxygen, exhibit high optical transparency~;87%! in the visible~400–700 nm! with a low
electrical resistivity of 731024 V cm. ITO films grown by PLD on PET were used as the anode
contact in organic light-emitting devices. A luminous power efficiency of;1.6 lm/W was achieved
at 100 cd/m2, slightly higher than that~;1.5 lm/W! measured for the control device based on a
sputter-deposited ITO on glass. ©2001 American Institute of Physics.@DOI: 10.1063/1.1383568#
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Indium tin oxide ~ITO! thin films deposited on rigid
glass substrates have been widely used as transparent
ducting electrodes in many optoelectronic and electro-o
devices such as solar cells and flat panel displays bec
they combine attractive properties with respect to visi
transparency and electrical conductivity.1 However, glass
substrates are unsuitable for certain applications such as
tronic maps, smart cards, and portable computers where
ibility, weight, and/or safety issues are important. Glass
very brittle, cannot be easily deformed, and is too hea
especially for large area displays. These disadvantages
be overcome using flexible substrates, which are rob
lightweight, and cost effective. For these reasons, flex
plastic substrates have been used in passive and active m
displays such as liquid crystal displays2 and polymeric and
molecular organic light-emitting diodes~OLEDs!.3–6

Optically transparent plastics with high glass transiti
temperatures are desired for many optoelectronic device
addition, they need to withstand the growth conditions
metal oxides while maintaining their mechanical and opti
properties. Polyethylene terephthalate~PET! has been widely
used as substrate materials for the growth of transpa
conducting oxide thin films.7–9 A resistivity of 10
310– 4 V cm was reported by Minamiet al.7 for ITO films
grown by dc magnetron sputtering on PET followed by a
nealing at 150 °C for 100 h. Maet al.8 obtained a resistivity
of 7310– 4V cm for the ITO films deposited on PE
at a substrate temperature of 180 °C using reactive evap
tion. Kulkarni et al.9 reported a resistivity of 12 – 25
310– 4V cm for ITO films coated on PET using rf sputte
ing. We report here a study of the electrical, optical, a
structural properties of ITO films deposited by pulsed la
deposition~PLD! on flexible PET substrates as a function
substrate temperature and oxygen deposition pressure
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demonstrate the use of these PLD grown ITO films on P
as transparent anode electrodes for OLEDs with impro
luminous power efficiency.

ITO thin films were deposited on PET substrates usin
KrF excimer laser~Lambda Physics LPX 305, 248 nm an
pulse duration of 30 ns!. Details of the film growth condi-
tions have been published elsewhere.10–13The laser was op-
erated at a pulse rate of 10 Hz and the laser beam quality
improved by passing it through a spatial filter. The las
beam was focused through a 50 cm focal length lens on
rotating target at a 45° angle of incidence. The energy d
sity of the laser beam at the target surface was maintaine
1.2 J/cm2. The target–substrate distance was 5.8 cm. T
target was a 2-in.-diam by 0.2-in.-thick sintered oxide c
ramic disk~95 wt% In2O3 and 5 wt% SnO2, 99.99% purity!
supplied by Target Materials, Inc. The PET substrate use
this research was supplied by Dupont~Melinex ST505!,
which is heat stabilized to give excellent dimensional sta
ity at temperatures up to 150 °C.

The OLED structure consists of a hole transport layer
N,N8-diphenyl-N, N-bis~3-methylphenyl!1,18-diphenyl-4,48
diamine, and an electron transport and emitting layer of
~8-hydroxyquinolinolato! aluminum ~III !. The cathode con-
tact deposited on top of the electron transport layer is
alloy of Mg:Ag ~ratio512:1 by weight!. Details of the de-
vice fabrication are described elsewhere.14,15After the depo-
sition of the organic layers, the Mg/Ag alloy was deposit
through a shadow mask by co-evaporation from sepa
sources. The active emissive area of the device is;2 mm
32 mm. The current–voltage–luminance (I –V–L) data
were taken in N2 atmosphere using a Keithley 238 curren
voltage source and a luminance meter~Minolta LS-110!.

Figure 1 shows a plot of the ITO electrical resistivity
a function of oxygen partial pressure (PO2

) during deposition
for films grown on PET substrates held at two different te
peratures,Ts , ~25, 100 °C!. It is clear that the ITO resistivity
is very sensitive to the oxygen partial pressure. Low valu
of film resistivity can be obtained only in a small range
oxygen pressures between 40 and 45 mTorr. The decrea
resistivity with a decrease inPO2

, from 70 to 40 mTorr, can
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be explained by the change in the number of oxygen vac
cies in the deposited film. Decreasing the oxygen par
pressure increases the number of oxygen vacancies in
film leading to an increase in free electrons and a conco
tant decrease in film resistivity. Resistivity values of
31024 V cm and 4.131024 V cm were reproducibly ob-
tained for ITO films deposited at 25 and 100 °C, respectiv

A strong correlation is observed between the oxyg
deposition pressure and the electrical and optical prope
of ITO films. Figure 2 shows the variation of electrical res
tivity and optical transmittance as a function of oxygen de
sition pressure for ITO films deposited on PET at 100 °
The resistivity decreases rapidly with increasingPO2

to 40
mTorr and then rapidly increases with a further increase
PO2

up to 70 mTorr. The optical transmittance increases r
idly as PO2

increases up to 40 mTorr and then becomes
dependent on thePO2

. This increase in resistivity withPO2

might be related to the improvement of the film crystallin
with PO2

.12

ITO films grown by PLD ~Ts5125 °C and PO2

540 mTorr! on PET substrates are observed to be crystal

FIG. 1. Resistivity vs oxygen partial pressure during deposition for fil
deposited on PET substrates held at two different temperatures~25 and
100 °C!. The film thickness is about;200 nm.

FIG. 2. Optical transmittance and electrical resistivity as a function of o
gen partial pressure during deposition for films deposited on PET subs
During deposition the substrate temperature was kept at 100 °C. The
thickness is about;200 nm.
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by x-ray diffraction~XRD!. The lattice parameter, calculate
from the XRD patterns of ITO films grown on PET, i
10.16360.056 Å, which is larger than the Joint Committe
on Powder Diffraction Standard’s~JCPDS! value of 10.118
Å16 for the In2O3 powder. The increase in the lattice param
eter of the ITO films can be explained by the substitutio
incorporation of Sn41 ions into In31 sites and/or the incor-
poration of Sn ions in the interstitial positions. This increa
in the lattice parameters may be also related to oxy
deficiencies17,18 and strain due to thermal expansion coef
cient mismatch between the ITO film (8.531026/°C)19 and
the PET substrate (1231026/°C).

Figure 3 shows two atomic force microscopy~AFM! im-
ages (2mm32 mm! of the bare PET substrate and the IT
film grown by PLD on the same PET substrate. The ITO fi
was deposited atTs5100°C andPO2

540 mTorr. Prior to

AFM measurements, both samples were ultrasonic
cleaned with methanol and then blown dry with nitrogen g
The rms surface roughness of the bare PET substrate is;9
nm while that of the ITO film coated on the same PET su
strate is;2.5 nm. Films deposited by PLD on PET show
reduced rms surface roughness compared to their bare
strates indicating planarization of the underlying substra
This planarization effect was also observed for films gro
by PLD on glass substrates.11–13 The grain size of the film
shown in Fig. 3~b! is observed to be 100–150 nm.

We have used the above PLD grown ITO films as
anode contact to fabricate OLEDs and measured the de
performance. Figure 4 shows comparison of the characte
tics of current density~J!–voltage (V) and current density

-
te.
lm

FIG. 3. AFM images (2mm32 mm) of ~a! the bare PET substrate and~b!
ITO film surface grown by PLD on the same PET substrate, shown in~a!.
ITO film was deposited atTs5100 °C andPO2540 mTorr. Note that the
scale in thez direction ~50 nm/div.! is greatly expanded with respect to th
scales in thex andy directions~1 mm/div.! and therefore, in fact, the crys
tallites are flat and broad in the lateral direction.
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~J!–luminance~L! output for OLEDs made using both PLD
grown ITO on PET and sputter-deposited ITO~supplied by
Applied Films! on glass. The thickness of both ITO film
was;100 nm. The sheet resistance of the ITO on PET w
;70 V/sq. while that of the sputter-deposited ITO on gla
was;20 V/sq. TheJ–V curves for both devices show typ
cal diode behavior, with current and luminance power out
observed only in the forward bias. For the device based
the PLD ITO/PET, a current density of 100 A/m2 can be
obtained only at an applied voltage of;5.5 V while the
same current density was observed at a voltage of;7.5 V for
the control device based on the commercial ITO/glass.
seen in Fig. 4, a luminance level of 1000 cd/m2 is obtained at
only 7 V in the device on ITO/PET, while the same value
luminance is observed at 8.5 V for a control device us
ITO/glass. TheseJ–V–L results indicate that the device pe
formance is not affected by the electrical properties of
ITO films used in OLEDs. A luminous power efficiency o
1.6 lm/W measured at 100 A/m2 for the device fabricated on
ITO/PET is slightly higher than that~;1.5 lm/W! measured
for a control device made on the commercial ITO/glass
der the same conditions. Similar results have been previo
obtained for the same device configuration using sput
deposited ITO on both glass and PET substrates; at
A/m2, a luminous power efficiency of 1.2 lm/W wa
achieved for a device using sputter-deposited ITO on glas
comparison with that of 1.5 lm/W for a device using sputt
deposited ITO on glass.6

FIG. 4. ~a! Current density~J! vs applied voltage (V) and~b! luminance~L!
vs applied voltage (V) characteristics for devices based on PLD ITO/PE
and sputter-deposited~commercial! ITO/glass.
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In summary, ITO thin films have been deposited by PL
on flexible PET substrates. The electrical, optical, and str
tural properties of these films were investigated as a func
of substrate temperature and oxygen partial pressure du
film deposition. ITO films~200 nm thick!, deposited on PET
at Ts525 °C andPO2

545 mTorr of oxygen, exhibit a low
electrical resistivity;731024 V cm and high optical trans
mittance ~;87%! in the visible range~400–700 nm!. For
films grown atTs5100 °C andPO2

545 mTorr, an electrical
resistivity as low as;431024 V cm was obtained with an
average transmittance of 90%. We have also used P
grown ITO on PET substrate as the anode contact in OLE
and the device showed enhanced luminous power efficie
in comparison with that of a control device using a sput
deposited ITO on glass substrate. The reduction in the d
voltage and enhanced luminous power efficiency make
PLD ITO on PET very promising for future OLED develop
ment.
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